A new generation of ultralight particleboards (ULPB) with an expanded foam core layer produced in an in-line foaming step is under development. The environmental impacts of three types of ULPB containing foam based on 100% polylactic acid (PLA), 100% expanded polystyrene, and 50% PLA/50% polymethyl methacrylate, as well as a conventional particleboard (PB), have been compared in an LCA. Two approaches were chosen for the assessment: first, the "EPD-approach" in accordance with EN 15804 for EPD of building materials and second, a holistic-approach which allows an expansion of the system boundaries in order to forecast the consequences of a broader replacement of PB with ULPB. The results show that most of the environmental impacts are related to raw materials and end-of-life stages. Both approaches show that the exchange of PB with ULPB with a foam core based on PLA leads to a reduction of greenhouse gas emissions. On the other hand, the PLA is responsible for higher ecotoxicity results in comparison to non-bio-based polymers mainly due to agricultural processes. Both approaches allowed the drafting of complementary advisories for environmental impact reduction addressed to the developers.
Introduction
Particleboards (PB) are pressed panels made out of wood particles and adhesives. They typically consist of a lower density core layer of coarse particles and high density surface layers made with finer particles. They typically have a density of 600-700 kg/m 3 and are used in very diverse applications like home and office furniture, cabinets, kitchens, flooring, load bearing applications in construction and diverse interior design elements. They show an improved homogeneity and stability in comparison to solid timber.
Initially, PBs were developed to valorize the large amount of particles produced in sawmills. Today, with the ambition of reducing production costs, the wood based panel industry aims to use less or cheaper materials and to reduce energy consumption while maintaining the properties in accordance with the relevant product standards.
The sandwich-like construction of PBs is advantageous for a high specific bending strength. To maintain this, developments started in the 1940s with the substitution of the core layer with honeycomb or similar hollow structure [1] [2] [3] , and until today other strategies are being developed to reduce the density of the core layer: extrusion with hollow tubes, using low density wood species particles, or substituting the core layer with foam material in a sandwich construction. The latter strategy led to sandwich panels with a foam core made out of polyurethane or polystyrene which are established in the market today (density: 100-350 kg/m 3 ). From a process perspective, these "ultralight" PBs (ULPB) can either be produced by producing the core layer and external layer separately and merging them in a separate pressing process, or by an in-line foaming step (patented by Luedtke et al. [4] ) on continuous presses which are typically used in today's PB production.
Environmental impacts associated with conventional PBs arise mainly during the production of the adhesives, the combustion of fuel on site and the generation of electricity for the production steps at the panel manufacturers, whereby the particle preparation and finishing process take the leading positions [5] [6] [7] [8] [9] [10] . But with regard to the complete life cycle 2 International Journal of Polymer Science of PBs and recognition that wood has a heating value of 15-20 MJ/kg, the end-of-life processes may dictate the results depending on the assumptions made for the scenarios (i.e., incineration, landfilling, and thermal energy recovery).
ULPBs typically use less adhesive, fewer particles need to be prepared and dried, and as they are lighter, transport emissions may be reduced. On the other hand, the heating value per volume will be different from PBs and, depending on whether biobased or fossil-based foams are utilized, the supply chain of these materials and the end-of-life assumptions may be connected to impacts which differ greatly from those of PBs.
Hence, especially the end-of-life, the adapted continuous pressing process, the particle drying, the reduced supply of wood and adhesives, as well as the supply of foam materials needs to be the focus of LCA for ULPBs. Recognizing that wood used in PBs is typically a byproduct of the sawmill industry, LCA should also include the assessment of other routes for those byproducts. This surely includes the assessment of other routes if the foam material is based on byproducts.
A respective comparison of ULPBs (polyurethane foams) with PBs was conducted by Feifel et al. [11] . The authors concluded that the impacts were 2 to 3 times higher for the UPLBs. Unfortunately the results only consider cradle-togate effects and no inventory was published which would offer the possibility of a comparison to real ULPBs. A cradle-tograve assessment for ULPBs, substituting PBs, was further conducted by Feifel et al. [12] but focused only on honeycomb core layers and excluded the supply of wood.
From a resource perspective, an LCA conducted by Silva et al. [13] gives insight to results of PBs produced in Brazil, where 50% of the chips had been replaced with sugarcane bagasse. Results were compared to results from standard particle boards showing beneficial aspects in some impact categories and quite equal results in others. However, the endof-life was not considered in this study and the alternative byproduct routes of bagasse were not included. As Brazilian producers primarily use wood resources, no results could be derived for the alternative routes of sawmill byproducts typically used by European producers of PBs.
The primary target of the study is to analyze the environmental benefits or drawbacks of using ULPB with a foam core processed on a continuous press, for applications where conventional PBs are commonly used. In addition, as the described ULPBs are still in development, the secondary target is to identify the parameters with the largest influence on environmental impacts, helping the developers to understand which decision in design might lead to better or worse results in the overall environmental impact of the new product.
Methodology
2.1. Two-Pronged Strategy. Principally, LCA can be used for improvements by identification of key issues. Products can be benchmarked by comparing them to the LCA results of an average or another product. LCA can help to communicate environmental issues and on policy level the tool is used to supply strategic decision support.
In this context it is important to understand which question is addressed in the goal of the study. One would ask "what is?" to identify environmental key issues of the product life cycle or to benchmark one product against others. But to understand the consequences of a decision, the relevant question would be "what if ?".
The two modelling approaches behind these questions are referred to as attributional (ALCA) and consequential life cycle assessment (CLCA) and their capabilities have been discussed extensively. It is generally understood that both approaches yield valuable insights [14] [15] [16] and some aspects are evident in one method and are overlooked in the other [17] . Therefore, this paper follows a two-pronged strategy.
The Harmonized Approach for Building Products.
In Europe, the underlying LCA methodology for building products is defined in EN 15804 [18] , which builds upon ISO 14044 [19] but clarifies open methodological choices where ISO 14044 [19] offers them. EN 15804 [18] defines the core product category rules for Environmental Product Declaration (EPD) built upon ISO 14025 [20] .
In the context of this paper, the utilization of this methodology is intended to supply information on how the new products would compare to PB, following the comparison principles of building products. It will be referred to in the text as the EPD-approach.
Expanding the Scope.
The EPD-approach is based on an ALCA model. On the resource side it disregards the fact that the production of byproducts of a process is typically driven by the demand for the primary product and not for the byproducts. Hence the approach excludes the impacts of alternative routes for those byproducts. As the amount of these byproducts (wood or biobased foams) differs heavily between PB and ULPB, the EPD approach disregards a potentially crucial impact.
Further on, EN 15804 [18] and, respectively, its utilisation on building level, separate the benefits of the energy recovery at the end-of-life from the impact assessment. As this might be a reasonable approach at the building level, a direct comparison of products with different densities and heating values, which is the case for PB and ULPB, may be driven especially by those aspects of the product life cycle.
Therefore, the second approach in this paper includes aspects which are outside the system boundaries regarded in the EN 15804 [18] , with the aim of including all processes and services which are likely to be affected by a replacement of PB with ULPB. This approach will be referred to in the text as holistic approach.
Both approaches will also give valuable insights for beneficial product development strategies.
Standards, Software and Databases.
The LCA was done in accordance with the ISO 14040/14044 [19, 21] , EN 15804 [18] and EN 16485 [22] standards using the Aveny LCA Software [23] . If not specified otherwise, the database Ecoinvent v2.2 was used for standard datasets [24] . The PB considered in this study is based on wood residues from sawmills, urea-formaldehyde (UF) resin as adhesive and produced in a continuous-press. Hydrochloric acid or liquid ammonia is used as hardener and paraffin is added for waterrepellence.
The production of PB begins with the preparation of the wood particles for the surface and core layers including chipping, classifying, screening, and drying. The particles are then blended with UF resin and hardener in a continuous flow mixer cooled with water. The mat is formed by deposition of the surface and core layer particles on a conveyer belt and goes to a roller press heated at 220 ∘ C. After the pressing, the PB are sawn and cooled down by storage. The final density is 680 kg/m 3 .
Forecasted Manufacturing of ULPB (Cradle-to-Gate).
Based on the laboratory development we assume, that the ULPBs considered in this study are composed of surface layers made of wood particles, prepared in an identical manner as for the PB production, and a core layer of expanded polymers. Three ULPB core layer types are simulated in the study:
(1) A core layer made of EPS, which corresponds to the state of the art of the in-line foaming technology [25] .
(2) A core layer made of a mix of PLA and polymethyl methacrylate (PMMA) (50/50%), which corresponds to the current development formulation in the project [26] .
(3) A core layer made of PLA (100%) which corresponds to the aimed formulation.
EPS is directly available as granulate, preimpregnated with pentane as blowing agent. The mix of PLA and PMMA has to first be coextruded with a small quantity of talc in order to provide nucleation sites for the foaming and then it has to be granulated. Granulates of PLA or PLA/PMMA mix are then impregnated with liquid CO 2 (blowing agent) in a batch reactor and stored for a short-time in a chiller at 10 ∘ C before they can be used in the production. The current ULPB laboratory developments allow the possible manufacturing process to be forecasted: the production of the considered ULPBs should be identical to the production of the PB, except for the mat forming and pressing phases. During the mat forming the technology stays the same as for PB but the coarse particles of the core layer are substituted by polymer granulate of EPS, PLA or the mix of PLA/PMMA preimpregnated with blowing agent. As the ULPB should have the same mechanical properties as the PB, the bending stiffness is increased by surface layers of higher density. This means that the amount of surface layer particles in ULPB is increased in comparison to PB. Pressing occurs in 3 successive steps: surface layer compaction and consolidation step, expansion step and stabilization step (Figure 1 ). The first step occurs at a pressing temperature of 100 ∘ C whereas the last step (stabilisation) occurs at 20 ∘ C which implies the utilisation of a cooling system. After pressing, the last manufacturing steps of the ULPB are identical to those of the PB. The final density of the ULPB is 315 kg/m 3 .
Use Phase and End-of-Life Scenario (Gate-to-Grave).
A scenario was considered for the gate-to-grave part of the life cycle of the panel: the panels are transported to a furniture manufacturer where they are modified to be part of a piece of furniture (shelf) and then transported to the final user. During the use phase the furniture is stored in a house. At its endof-life it is picked up at the place of use by the municipal waste collection and burned in the municipal incineration plant.
Functional Unit.
The functional unit is 1 m 3 of panel (thickness 19 mm), fulfilling the requirements of the EN 312 [27] and utilized as furniture shelf board. The different panel formulations are compared for the same life span. The units and quantities of the different raw materials used for the manufacturing of the functional unit are presented in Table 1 . Because no detailed data was available on the internal waste flows of the production, all inputs of adhesives and additives were assumed to leave the manufacturer as content of the respective product analogous to Diederichs [28] . All products were regarded in the EPD-approach. The holistic approach only takes the PB and ULPB with a 100% PLA core into account.
System Boundaries

EPD Approach.
The EN 15804 [29] standard defines the categorization of life-cycle phases of building materials into stages from A (manufacturing) to C (disposal). Benefit or burdens out of the system boundaries can be presented as additional information in the D stage. The attribution of the life-cycle stages of the ULPB and PB following EN 15804 [29] is given in Figure 2 .
All phases from cradle-to-grave are considered except the use phase of the product (shelf board in a furniture part), as it is considered equal for all products.
Holistic
Approach. EPD and also the EN 15804 [29] are not specifically intended to declare the impact of the consequences of producing more of one product and less of another, but can be regarded as doing so, if the production of a unit of material or energy has the same environmental impact as producing an extra unit of it [30] .
In other words, if a constraint in the market leads to the fact that an extra unit does not equal the average of all units produced so far, the EPD approach will not be able to answer the question: what would happen if a certain amount of conventional PB was replaced by ULPB with 100% PLA core layer?
In the EPD approach, the supply chain of the corn used for PLA includes every flow, starting with the planting and fertilizing to the harvesting and transporting of the corn. But if more corn is produced to be used for the PLA, it requires more agricultural area, possibly replacing the production of other crops. If no additional corn is produced, but the corn available on the market is used, those processes which 
Surface layer compaction
Surface layer consolidation Expansion Stabilization Figure 1 : Description of the in-line foaming process for production of ultralight particle-board with a foam-core layer on a continuous press (SL = surface layer; CL = core layer) (adaptation of Luedtke et al. [4] ). would have used the corn instead need to switch to another feedstock. In case of the wood residues used for the PB, the model used in the EPD-approach includes all environmental impacts from the forest to the sawmill, whereas the impacts of the sawmill are allocated partially to the byproducts. This means, if the wood content of a panel is reduced, the LCA model reduces the impact from the sawmills as well. But the demand for sawmill byproducts does not necessarily lead to a reduced demand for the primary products of sawmills, which is sawn wood. Hence the same emissions arise from the sawmill industry and the same amount of byproducts are available on the market. But instead of the panel producers, probably others will use the byproducts.
The EPD-approach neglects the market constraints especially with regard to these two aspects. Other inputs and outputs of the PB and ULPB production with high impact, energy demand, or mass are the supply of electricity and the glue which is primarily made of the base chemicals formaldehyde and urea. Since these substances are mainly derived from nonrenewable resources and are not typical byproducts of other processes, market constraints are assumed to be negligible. Figure 3 shows the model which underlies the holistic approach. On the top, the production of the conventional PB is shown. It is the same model as used for the EPD approach including transports to the user and also to the disposal but it excludes the sawmill supply chain and includes the energy recovery at the end-of-Life. The grey system boundaries describe a system expansion. In the case of PB, the energy generated during disposal is assumed to replace energy from the average generation processes of heat and electricity. Hence the impact has to be subtracted from the model.
Just below, the production of the ULPB with 100% PLA is shown without the production of the corn for PLA. The dashed lines mark all flows and processes which need to be 6 International Journal of Polymer Science added or changed if the PB production is replaced by the production of the ULPB.
The production of sawmill byproducts is independent from the change in production within the panel industry. Therefore, the chips which were used for the core layer and those which were used to generate the energy for drying the core layer are assumed to be burned directly without being used for material purposes. The PLA core is burned in context with the disposal of the panel; energy is recovered (system expansion, grey field). The process of producing PLA from corn is included but (initially) without the corn.
Some processes used for PB production are also used for ULPB production, but the flow quantity changed: less electricity, glue, and additives are needed.
As it is not clear if additional corn is produced or if not which feedstock is replaced, three scenarios for the corn production/displacement are analysed:
(i) Scenario 1 (S1) describes the impact if additional corn has to be grown, including impacts of agricultural processes and the impact of land use change triggered by this extra production.
(ii) Scenario 2 (S2) describes the impact if available corn is used for PLA which would have been used for the production of bioethanol to replace gasoline. This is a relevant question for the US, where bioethanol is produced from corn.
(iii) Scenario 3 (S3) describes a typical German case. Available corn which would have been used for the production of biogas (methane) is used for PLA instead. Hence the energy derived from the methane (biogas) has to be substituted.
Inventory.
Data for the production of 1 m 3 of conventional PB (680 kg/m 3 ) from cradle-to-gate correspond to the Ecoinvent v2.2 process "Particleboard Indoor use" [8] .
Data regarding the formulation of the ULPB arise from the last available laboratory developments of the NRP 66 project. In order to forecast the situation of an industrial production, the inventory was based on the available dataset from Ecoinvent for LCA of particleboard production [8] . The first step was to disaggregate the energy consumption of the manufacturing step of the Ecoinvent dataset following the proportions given in the literature [10] in order to spread it into single manufacturing stages ( Table 2) . As the stage "mat forming" is not described in the publication of Frühwald et al. [10] , this data is based on assumptions made by the authors. The repartition of the total gas consumption of the Ecoinvent data between the stages Drying and Others is also an assumption.
Based on the laboratory data, the ratio between the amount of wood used in PB and used in ULPB is 0.422. This ratio was applied to calculate the ULPB flows linked to wood flows (wood transport to the plant, electricity for particle preparation, waste water treatment from particle preparation, drying thermal and electrical energy, VOC and particulate emissions during drying, and wood chips volume as byproduct). Also based on laboratory data, the ratio between the amount of UF glue used in PB and used in ULPB is 0.468. This ratio was applied to calculate the flows of ULPB linked to the glue flows (Hardener, Transport glue and additives to the plant, electricity and cooling water for gluing, and formaldehyde emissions). The gate-to-gate inventories (Modules A3) based on the functional unit of the four types of panels is presented in Table 4 . Flows which are already included in Table 1 Some additional data and assumptions were necessary for the holistic approach ( Table 3 ). The agricultural process to produce the corn is based on data from Searchinger et al. [31] and PE International [32] . The land use change effects are modelled according to results summarized by Wicke et al. [33] . These refer to land use change models based on market equilibrium models which consider effects called "indirect land use changes, " including land use change in one geographical context which triggers land use elsewhere to continue to meet demands and also the change of crop prices, which results in more land taken elsewhere for the production.
Data for corn-to-wheel production are taken from Searchinger et al. [31] in combination with conversion factors from Shapouri et al. [34] . Gasoline production and combustion emissions are derived from PE International [32] . Emissions for the fermentation from corn to the methane and utilization in a CHP plant are taken from Vogt [35] for a 500 kWel plant. Supply of electricity and heat is derived from PE International [32] .
Impact Categories.
For an EPD following the standard EN 15804 [29] , three categories (environment, resources, and wastes) of indicators are disseminated. In this study we show only the EN 15804 [29] environment category indicators following CLM2001 [36] : Global Warming Potential 100 years with biogenic carbon accounting following EN 16485 (GWP), Global Warming Potential without biogenic carbon (GWP * ), Ozone Depletion Potential steady state (ODP), Acidification Potential (AP), Eutrophication Potential (EP), Photochemical Ozone Creation Potential (POCP); Abiotic Depletion Potential Elements (ADPE), Abiotic Depletion Potential Fossil (ADPF). We also present the results of two additional multi-criteria Life Cycle Impact Assessment (LCIA) methods of interest in Switzerland: Ecological Scarcity 2006 [37] expressed in Eco-factors-in German: Umweltbelastungspunkte (UBP) and USETox fate and freshwater ecotoxicity [38] , expressed in Comparative Toxic Unit ecotoxicity (CTUe). For the holistic approach only GWP * will be reported.
Sensitivity Analysis.
A sensitivity analysis was carried out for the EPD approach in order to evaluate the uncertainties of the LCIA results. The parameters, which were identified as relevant or uncertain (because of assumptions), were perturbed marginally in order to observe their effect on the final result. The effect of 10% decrease of several relevant resources (wood and fossil fuels), energy consumption during manufacturing (electricity and heat), transport distances (A2, A4, and C2 modules), and the density of the panels as well as the effect of the substitution of 10% PMMA with PLA in the ULPB with PLA/PMMA core were calculated for the impact category GWP * and Ecological Scarcity 2006.
For the holistic approach the maximum and minimum values of the additional data and assumptions were included in the scenarios. Therefore minimum and maximum results exist for each scenario.
For land use change calculations, maximum values are based on Searchinger at al. [31] , and minimum values are based on Laborde [39] . Three scenarios on methane leakages [35] were applied for the fermentation from corn to methane, and different carbon intensities were used for electricity generation in the model (Table 3 ).
Results
EPD Approach
Comparing Life Cycle
Stages. The relative impacts of the different ULPB life cycle stages for each indicator are presented in Figure 4 . Detailed results are available in Appendix 2. For all indicators considered, except the Ecological Scarcity, the raw materials stage (A1 module) has the highest impacts.
Thereafter the disposal (C4 module) followed by the manufacturing processes (A3 processes) are relevant. Considering that the disposal is mainly influenced by the quantity of material to be disposed of, both stages A1 and C4 will have the tendency to progress proportionally (reducing the amount of raw material will reduce the environmental impact due to the disposal). But the core layer composition could affect this proportionality. Ecological Scarcity results heavily weigh on the environmental effects of the disposal. The transport stages (A2, A4, and C2) have the lowest environmental impact for all considered indicators.
Raw Materials.
As the raw material stage (A1 module) seems to be the most critical stage, the GWP * of this stage was analysed first. The obtained results show that the polymer composition of the core layer influences the global result of GWP * . The PMMA, which is used at the moment in the formulation in order to enhance the foaming process, represents 41% of the GWP * of the Module A1. The production of PMMA requires several intermediate products [40] , all derive from fossil resources (crude oil and natural gas), which explains this high GWP * score. The UF resin (32% of the GWP * of Module A1) is also a problematic raw material because of the intensive fossil resources use for manufacturing. As has already been observed by other authors, UF resin has the greatest impact in GWP * of PB [5, 6, 9] . Finally the PLA, representing 18% of the Module A1 GWP * score, needs an important amount of fossil energy for production and agricultural processes even if produced from renewable resources. Detailed scores for Ecological Scarcity show that PLA, PMMA, and UF represent 29%, 30%, and 27%, respectively, of the A1 module. In this model the emissions to air (CO 2 emissions of fossil fuels for energy purpose) and to water (emissions of nitrate and phosphorus from fertilizers for corn grown as PLA raw material) during manufacturing of the polymers are predominant impacts. When looking at the ecotoxicity results using USETox PLA represent 45%, UF 32%, and PMMA 12% of the A1 module. Biocides (mostly atrazine and chlorpyrifos) used for the corn agricultural production are mostly responsible for high soil emissions of the PLA in USETox. Metal emissions to air (vanadium and nickel) and to water (chromium) during the manufacturing stages of UF and PMMA explain the score of these polymers in USETox.
Manufacturing Process.
The manufacturing steps with high GWP * impacts are the finishing (due to high electricity demand for sanding and sawing, etc.), the pressing, and drying (due to electricity and heat from fossil fuels), and the particle preparation (due to high electricity demand for particle sieving and screening) ( Figure 5 ). The high GWP * observed for all processes involving electricity point out that the type of the electricity mix used in the plant might be a relevant factor influencing the results of the A3 modules. For the Ecological Scarcity the drying stage has the highest score, due to the emissions of particulates. Pressing, finishing and particle preparation stages are, likewise for GWP * , relevant stages in this model due to the consumption of electricity. USETox results of the manufacturing stages are in the same order of relevance than GWP * results mainly due to the emissions to air produced during the combustion of fossil fuels and the generation of the consumed electricity.
Transport.
Environmental impacts due to transports are related to the means of transportation used, the distance driven and the weight of the material transported. Based on the chosen scenario the transport to the user (A4 module) has the highest impact, because it is the less optimized transport (a small quantity of panel on a relatively long distance).
Disposal.
In the incineration process all polymer based on fossil resources (UF, PMMA, and paraffin) release fossil CO 2 , which is directly accounted in the GWP * score. Biobased materials (wood and PLA) have less influence on the GWP * score of the incineration module. Considering the Ecological Scarcity method, the emissions into air (dioxins) and water (total organic carbon) during incineration of wood are highly weighted. The compounds manufactured from fossil fuels contribute to a lesser extent to the score, mainly due to their fossil CO 2 emissions. Finally in USETox, the disposal of UF has the highest score in the incineration (about 60% of the C4 module CTUe) due to emissions into water (heavy metals).
3.1.6.Effect of Production Capacity Reduction on GWP.
Lüdtke [41] showed that an in-line foaming process needs a reduction of the speed of production. Indeed the foam needs to be expanded and the panel has to cool down before it can be cut or sanded. This could represent a decrease of the production capacity of about 50%. The effect of the reduction of speed on the GWP * of accumulated process A1 to C4 has been simulated. The results of the calculation show that a decrease of the production capacity from 600 000 m 3 /yr to 300 000 m 3 /yr would increase the GWP * of the overall ULPB LCA of 15%.
Effect of Core Layer Substitution.
The impacts of the four core layer cases for the GWP * , Ecological Scarcity, and USETox are presented in Figures 6, 7 , and 8. For both GWP * and the Ecological Scarcity method, the cumulative impacts of the Stages A1 to C4 are higher for the wood core layer than all other ULPB cores simulated. This is, for the GWP * , mainly due to a higher amount of particles to prepare in the manufacturing process as well as the increase of transport emission due to the higher density of the panel. For the ecological Scarcity, the wood core shows a significant drawback due to process-specific burdens of the incineration (see Section 3.1.5).
Regarding the different ULPB core types, the core containing PMMA shows the highest impact for the GWP * and the Ecological Scarcity methods. This is mainly due to the high fossil energy consumption during manufacturing of PMMA. The substitution of PMMA with PLA shows benefits in the GWP * and the Ecological Scarcity method. Concerning GWP * , the substitution of 1 kg PMMA with PLA will allow a decrease of 6 kg CO 2 -eq. for Stages A1 to C4. EPS causes slightly more fossil CO 2 than PMMA during stage C4 due to the higher carbon content of this polymer. Core layers containing PLA have a higher influence for the stage A1 on the ecological Scarcity method. Analogously, the USETox results show that the panel containing PLA has a considerable drawback on the ecotoxicity, mainly in Module A1. Reasons are the same as explained in Section 3.1.2. PMMA is also problematic in terms of USETox as the manufacturing of this polymer causes relevant emissions to water (see Section 3.1.2). The ULPB with EPS foam core has less ecotoxic effect in Module A1 than the PB, this is directly linked to the reduced amount of UF.
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Sensitivity Analysis.
The results are very sensitive to the density of the panels (10% change leads to 7.5%-9.2% impact change). It has a direct influence on the raw material module (A1), on the transport modules (A2, A4, and C2), on the disposal module (C4), and on some of the manufacturing processes (A3 modules), especially the particle preparation process. This confirms that the amount of raw material used has a high significance on the model. The reduction of 10% PMMA (replaced by 10% PLA) in the core layer had a moderate effect on the models GWP * (−2.2%) and USETox (1.7%) whereas it has a nonsignificant effect on Ecological Scarcity (−0.3%). The scenario of 10% reduction of electricity consumption, heat production, and fossil fuels in heat generation mix in production processes allow us to evaluate the uncertainties due to the assumption made on the energy flows during production of the panels. For all three impact categories observed, the perturbations did not significantly change the overall results (less than 1.3% of the original scenario). This means that the assumption made for these processes (A3 modules) does not influence the model to a relevant extent. Calculated scenarios for 10% reduction of transport distances of the main components and products are also not perturbing the system noticeably (less than 1.2%). This confirms the low contribution of transport processes to the entire system. Figure 9 shows the results of the holistic approach. The first (white) beam on the left shows the total difference between the conventional PB production and the production of ULPB excluding corn production as defined in Figure 3 (86.8 kg CO 2 -eq. per m 3 of panel). To complete the calculation, the three scenarios are added to the beam with their minimum and maximum values. If it is assumed that extra corn has to be produced (Scenario 1), the maximum impact of the extra corn production, including indirect land use change, is 55 kg CO 2 -eq. per m 3 of panel, leaving a remaining benefit of 32 kg CO 2 -eq. per m 3 of panel for the ULPB.
Holistic Approach.
If available corn is used for the production of PLA and the bioethanol which would have been produced from that corn needs to be replaced by conventional gasoline (Scenario 2), the remaining benefit will be between 73 and 74 kg CO 2 -eq. per m 3 of panel. If corn is used which would have been used in a biogas fermentation process (Scenario 3), the remaining benefit will be at least 76 kg CO 2 -eq. per m 3 of panel. In the case of high methane leaks in the fermentation process, the benefit is even 91 kg CO 2 -eq. per m 3 of panel.
Discussion
The Global Warming Potential.
The two approaches produce similar results, which lead to the same conclusion in terms of greenhouse gas reduction potentials by exchanging PB with ULPB based on 100% PLA cores. However, the dependencies of the models on circumstances are different, 
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Remaining benefit of ULPB compared to PB Impact of corn supply chain or substitution chain by scenario Figure 9 : Results of scenarios used in the holistic approach.
and therefore recommendations to developers can be broadened by considering both models.
The differences between the panels observed with the EPD approach result from a reduction in the consumed electrical energy for the processes and exchanging UF with core material.
The holistic approach, on the other hand, takes more effects into account than the two described above. First of all, the amount of biomass which has to be burned to dry the extra amount of chips in the PB is recognized as not available for other applications. In contrast, the EPD approach only recognizes them in terms of their supply chain (in the case of recovered wood, only the transport is taken into account), since the carbon within the biomass is considered carbon neutral. This also means that reducing the amount of energy from biomass needed for the process has a much greater effect in the holistic approach than in the EPD approach.
Secondly, the characteristics of the recovered wood at the end-of-life are not taken into account in the EPD approach, but are in the holistic approach. Since the holistic approach assumes that the byproducts from sawmills are used elsewhere if not used within the panel, the model theoretically takes into account whether the incineration process of the pure sawmill byproducts would have been different from the process of burning the panels at their end-of-life. As we assumed these processes to be the same, no difference can be derived here, but in cases where the panels are burned at their end-of-life less efficiently due to mixed waste fractions, this would be taken into account by the holistic model.
Further on, the holistic model takes into account that PLA has to be produced from corn, which is a limited resource. If other routes for the corn exist, where the environmental benefit is higher than it is in the core layer of the ULPB, this is recognized by the holistic model. The EPD model does not take this into account.
With regard to the differences between PB and ULPB with PLA, the maximum PMMA content in the core layer of PMMA/PLA panels can be determined. The maximum here is defined as the point where the PLA/PMMA mixture core panels have no benefits compared to a conventional PB. In the worst case (maximum land use change) only 20% (5 kg) of PMMA and in the best case (minimum biogas) 56% (14 kg) of PMMA can be included in the core layer. In the other cases, 45% to 48% define the threshold.
USETox and Ecological Scarcity 2006.
Although not analyzed specifically in the holistic model, some general aspects in addition to the results of the EPD approach can also be derived for USETox and Ecological Scarcity.
In case of the UBP indicator, the incineration of wood has a very high impact. As the holistic model assumes that the sawmill byproducts will be burned at some point in time anyway, no matter whether they are used in the panel or not, the importance of the incineration of wood of the different panels will diminish drastically.
The USETox indicator for the PLA core panels is driven by the pesticides used during production of corn. This is included in the holistic model as well, but only if the production of an extra amount of corn is taken into account (Scenario 1). If available corn is used (Scenarios 2 and 3), the use of pesticides has a much lower impact.
Recommendations
The following recommendation can be made for the developers of ULPB with foam cores:
(i) The biopolymers used as foam precursor should have low energy demand or/and use renewable energies for their production. If possible, the chosen biopolymer should be produced out of biomass issued from organic agriculture (no pesticides or fertilizer) or sustainable managed forests. Their production should not be based on sugar derived from primary resources like corn but from waste flows (sugar, starch, and celluloses) which are not used elsewhere or only in a very inefficient way. This would exclude the land use change scenario from the model and would also avoid concurrency with the production of food.
(ii) The amount of UF resin should be reduced or better substituted by a renewable resource-based adhesive or recycled polymer adhesive with low energy consumption or/and use of renewable energies for manufacturing.
(iii) If PMMA is still necessary for enhancing the foaming and the foam properties, the portion of PMMA should be reduced as much as possible. If possible, PMMA should be substituted by a recycled polymer or a biopolymer with the same properties.
(iv) The technology should be developed in order to maintain the same production capacity, and if possible, to increase it.
(v) Besides the fact that the ULPB is already very light, decreasing the density even more could contribute to a reduction of the environmental burdens.
(vi) Solution for reducing the energy consumption of the particle preparation processes as well as the finishing processes (mainly the sanding) should be elaborated.
(vii) The materials should be separable at their end-of-life. The efficiency of the waste treatment for the mixed fractions like PB should be as close to the efficiency of the incineration of the pure sawmill byproducts or the end-of-life treatment of products made of them other than panels.
(viii) The panel should be recyclable or able to be reused at the end-of-life instead of being incinerated.
Conclusions
With the aim of developing a product with a better environmental profile with respect to greenhouse gas emissions, the comparison done in this study shows that exchanging PB with 100% PLA core ULPB is beneficial. Exchanging conventional PB with ULPB based on EPS or PMMA/PLA cores is beneficial as well. However, the benefits of reducing the amount of adhesives in the ULPB compared to PB is almost made up for by the production of the foam core material if based on fossil resources. On the other hand, the use of conventional PLA induces specific agricultural issues mainly due to use of pesticides and fertilizers, land reconversion, land use, and agricultural process energy consumption. This study shows that both EPD and holistic approaches were useful in order to forecast the environmental issues of in-development ultralight panels based on wood and biopolymers. Both approaches provided relevant recommendation for further development of these products.
